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Abstract 
In the present paper, CFD (computational fluid dynamics) computations were performed in order to get insight in heavy gas 
dispersion behavior based on experimental results and extrapolate them to a representative full bore rupture scenario of a CO2 
pipeline. The impact of the release process is investigated on the overall heavy gas dispersion. The study focuses on the 
importance of an accurate source term modeling by means of the numerical rebuilding of experimental data from wind tunnel 
and full scale; a representative 2-phase release model with low numerical effort is developed. 
Different full scale CO2 pipeline rupture release scenarios are simulated including a representative terrain topology. Wind 
conditions and shut-in valve distances are varied resulting in a strong interaction of the released heavy gas with the turbulence 
of the atmospheric boundary layer but also the terrain topology. Based on these results it can be stated that effect distances are 
locally increased drastically, also with respect to their temporal behavior. 
© 2013 The Authors. Published by Elsevier Ltd. 
Selection and peer-review under responsibility of SINTEF Energi AS. 
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1. Introduction 
For large scale CO2 capture and storage transportation has a significant contribution considering risk scenarios. 
During a worst case scenario, the whole volume of a pipeline located between two shut-in valves might be released 
and forms a potential threat to people being exposed to it. Beside 1D tools, CFD (computational Fluid Dynamics) 
investigations are commonly performed to consider more advanced situations including the built environment but 
also terrain effects. Since CO2 is a heavy gas at ambient temperature, gravity plays a major role in the dispersion of 
CO2 in atmospheric boundary layers. Also gases lighter than air might show heavy gas behavior when released in 
multi-phase state. Therefore, and in order to reduce the numerical effort, a representative 2-phase release is 
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developed in this paper taking the heat exchange between the phases into account at significantly reduced 
computational costs. For the dispersion, especially the interaction of the heavy gas with the turbulence model has to 
be modeled correctly in the full range of turbulence states. This includes self-induced but damped turbulence of the 
heavy gas to weakly and moderate turbulence levels inside an atmospheric boundary layer. In order to reproduce 
the initial dispersion behavior accurately, special emphasis is put on the release source term.  
 
 
Nomenclature 
H    heat [J/kg] 
T    temperature [K] 
Cp   heat capacity [J/kgK] 
A    area [m2] 
D   diameter [m] 
L    height [m] 
k   turbulence kinetic energy [m2/s2] 
u*   friction velocity [-] 
x, y, z  coordinate directions [m] 
z0    surface roughness [m] 
Greek Letters 
ț    von Karman constant [-]  
İ    turbulence dissipation rate [m2/s3] 
Subscripts 
e    expanded 
i    inner 
a    outer 
 
 
2. Release Source Term Modeling: Case University of Hamburg DAT-223/DAT-155 
For accurate dispersion modeling, a good prediction of the source term is required. With low momentum 
releases, usually a porous surface is taken as release surface for experimental and numerical investigations. At 
wind tunnel scale, this might lead to secondary effects because the release velocity and the diffusion velocity are in 
the same range of  0.001 to 0.01 m/s. Usually this problem is overcome with the release mechanism by injecting 
the gas through discrete holes which cover the release area. Since the mass flow is kept constant but the release 
area is reduced, the local velocity is increased such that it is much higher that the diffusion velocity. Due to this, 
penetration is locally increased with this type of release leading to enhanced mixing close to the release location. 
With CFD investigations, this effect is usually neglected and a porous surface with area-averaged release velocity 
is applied. In the following, this effect is investigated with respect to the accuracy close to the release and further 
downstream. 
At the University of Hamburg, numerous experiments were performed which serve as validation data for heavy 
gas behavior being available within the REDIPHEM database [2]. In the past, validation for terrain effects was 
performed [1] applying the commercial CFD code Fluent and the open source code OpenFoam on the ramp 
experiments of [2]. In this low turbulence environment, where the gravitational effects are the main driving forces, 
the production and destruction of turbulence due to the heavy gas could be reproduced in excellent agreement with 
the experimental data. Therefore the present paper focused on the intermediate regime of turbulence and the 
release process. The experiments DAT-223 and DAT-155 of [2] (both performed under similar conditions but with 
different locations of the concentration measurement sensors) which are SF6 heavy gas releases in a low-speed (0.7 
m/s) wind tunnel boundary layer are taken as reference case. The flow conditions are characterized by:  
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with zref=0.4 m, Uref=0.7 m/s,  u*= 0.042,  ț=0.42, z0=1.7 mm and Cmue =0.09. 
The wind tunnel configuration consists of a heavy gas release mechanism of 70mm diameter which is integrated 
in the smooth wind tunnel ground. An atmospheric boundary layer is approaching the released gas. The release 
mechanism consists of a large number of discrete holes (4mm) which allows to generate a homogenous 
representative outflow. The release mass flow is 0.8716g/s.  
The released heavy gas shows strong interaction with the wind tunnel boundary layer and the turbulence. The 
calculations here were performed with OpenFoam. It could be demonstrated that only an accurately implemented 
buoyancy term in the turbulence model and the correct turbulence diffusion model (Fig. 1) reproduces the mixing 
at larger distances (x>0.75m) accurately. Compared with the reference case (standard k-İPRGHO WKHEXR\DQFH
term in the dissipation equation has been included (“Gb eps on”) and a turbulent Schmidt number of 1.0 (“Gb eps 
on, Sc=1”) instead of 0.7 was chosen to slightly reduce the turbulent diffusion. The experimental and numerical 
results are shown in the symmetry plane (Fig. 1a) and at two lateral sections (Fig. 1b). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 1: Comparison of experimental and numerical data at (a) symmetry plane (y=0m) and (b) lateral sections x=1.23m, 1.83m 
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Fig. 2: Flow topology with multiple-hole heavy gas injection mechanism 
In the near field of the release, only an accurate discretization of the heavy gas release process by means of 
multiple-hole injectors (Fig. 2) can reproduce the experimental results. Especially the mixing close to the release 
location has a strong local impact, but only a moderate impact on larger distances (Fig. 1, “multi-inj”). This effect 
could also be observed during investigations for full scale release scenario (not shown here), where the commonly 
used low momentum releases were replaced with a vertical jet with a velocity of 23m/s. The vertical jet acts as a 
strong, single obstacle in the flow which of course adds mixing close to the release, but the overall effect distances 
(upwind, downwind and in lateral direction) remain comparable to the low momentum releases apart from a slight 
delay in the temporal behavior.  
 
3. Representative 2-phase Release Model: Desert Tortoise Test case DT-2 
Beside low momentum or instantaneous releases, jet releases are commonly investigated as representative 
release scenarios numerically and experimentally. The state might be pure gaseous or in multi-phase. Especially 
for heavy gas dispersion processes, the heat transfer from the surrounding air to the released multi-phase material 
is essential. Even if the gas phase of the released material is lighter than air at ambient temperature (like ammonia 
or LNG), the dispersion process shows heavy gas behavior since the surrounding air is cooled down and the 
density increased. Not the released material but the latent heat of vaporization is the main driver of the dispersion 
process. Beside the heat transfer from the surrounding air to the liquid phase, also an accurate prediction of the 
flow topology close to the release is important since it might affect the mixing and dispersion process. 
The release of hazardous materials such as ammonia, LNG or CO2 often takes place as multi-phase release, 
usually as gaseous and liquid phase (droplets). With CO2 a 3rd phase, solid particles can be present. Depending on 
the distances, level of interest and computational resources available, all phases can be discretized or modeled as 
representative release which features the main driving mechanisms. For hazardous releases and dispersion CFD 
calculations, the phases are usually discretized in an Euler-Lagrangian way as discrete droplets or particles in a 
continuous, gaseous phase. Both the liquid and gaseous phase is usually released at the boiling point of the 
material into the atmosphere which is at ambient temperature. The boundary and release conditions and the heat 
transfer modeling between the gaseous phase and the droplets can lead to strong sensitivities. As a result, large 
uncertainties in the rain-out of the droplets can be present. Especially with materials showing heavy gas behavior 
in gaseous state this sensitivity is a problems since it leads to different flow topologies. On the one hand, the heavy 
gases dampens the turbulence, on the other hand the gravitational effect drives the gas leading to higher upwind 
multi-hole injector 
main flow direction 
molar fraction SF6 
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and lateral dispersion. As explained earlier, also gases lighter than air often show strong heavy gas dispersion 
behavior like ammonia which has a density of 0.75 kg/m3 at ambient temperature compared with air at 1.25 kg/m3. 
This is due to the fact that the evaporation of the airborne droplets can only take place by transferring heat from the 
surrounding atmosphere. Due to the fact that the heat of evaporation and the liquid phase fraction are high the air is 
cooled down strongly; in the vicinity of the release down to the boiling point of the released material. By this, the 
density is increased strongly. Cooled down by 70K, the air density is increases by approximately 30% which is the 
reason for the strong heavy gas behavior. 
During previous CFD research at TNO (not shown here), a strong sensitivity of wall boundary conditions, 
release conditions and modeling parameters was identified with the Desert Tortoise ammonia release test case 
modeled with the Fluent Euler-Lagrangian model. Also different other papers investigated this test case [3, 4]. The 
main sensitivity is due to the heat transfer between the gaseous phase and droplets, leading to a calculated rain out 
of the release mass flow between 3% and 70%, whereas the measured value is 36% [3]. 
In order to overcome the sensitivities, a representative one phase release model was developed. This model is 
mainly intended to mimic the global process of heat transfer between the gaseous and liquid phase while 
neglecting the detailed behavior of the droplets. The released mass is distributed in three states: the gaseous phase 
already being present at the release, the fraction of the droplet mass flow staying airborne and being evaporated 
and the fraction of the droplet mass flow being rained out. These three components can be estimated from before 
with 1-D tools or taken from measurements to define the conditions at the release before entering the CFD domain. 
The fraction which is rained out is further neglected in the present case, since it is mainly building up a pool and 
the corresponding pool evaporation rate is considered low. Since the present model neglects the liquid phase, the 
corresponding mass flow is released in gaseous state via a large spatial source along a defined length which 
corresponds roughly to the distance the droplets would travel if being modeled as particles. The volume or surface 
over which the gas source term is applied has to be sufficiently large in order not to introduce too much distortion 
and divergence to the main flow which is driven by the high-speed gaseous phase. The gaseous phase representing 
the evaporated droplets is then released slightly below the boiling point of the liquid phase. In order to take the 
heat transfer from the surrounding air into account, the heat of evaporation is taken into account over a finite 
temperature increase. This is done by adapting the Cp of the gaseous phase below the boiling point such that the 
heat of evaporation equals the required heat to increase the temperature of the gas until the boiling point:  
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The latent heat of vaporization is ¨Hevap = 1369 kJ/kg, T1=239 K, T2=240 K with 
Cp(T)=2740000 J/kgK  for 771; Cp(T)=2000 J/kgK for 772 and a linear fit between T1 and T2. 
 This ensures the conservation of energy and the correct exchange of heat within the domain. The heat to 
evaporate the corresponding mass of droplets is completely transferred from the surrounding air since no other heat 
source is available (adiabatic boundary conditions). In the present case, the gaseous phase representing the droplet 
mass flow is released via a cylindrical surface. The velocity tangential component is interpolated from the wall 
neighboring point and superposed with the radial component which is defined by the release mass flow. Apart 
from the drag of the droplets which is not taken into account, this enables conservation of mass, momentum and 
energy. The source is modeled as a modified boundary condition in Fluent by a user-defined subroutine. The 
advantage of this model is that only the rain out mass flow rate is a required input variable and the numerical effort 
is reduced since the particles are not modeled in detail. 
The overall release mass flow rate of Desert Tortoise DT-2 is 111.4 kg/s whereas the rainout fraction is 36% 
[3], the gas mass fraction is 18% resulting in a gas mass flow rate of 20 kg/s. The mass flow rate of airborne 
droplets is 50.3 kg/s, the expanded jet conditions are given as u=86m/s  and an expanded area of Ae=0.267m2. 
The diameter of the source cylinder is taken as the expanded je diameter, but can be variable and adjusted to the 
case. The gaseous phase already being present at the release is modeled via a ring with an inner diameter of the 
expanded jet diameter; the outer diameter is defined via the expanded jet area. The ring surface has an area of the 
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expanded jet diameter. Choosing the dimensions in this way ensures a sufficiently large surface for the 
representative droplet gaseous flow and doesn’t impose strong changes in the initial gaseous release.  
In the present Desert Tortoise DT-2 case, the following dimensions are chosen: 
Ae=0.267m2 (expanded diameter) 
Di=0.58m 
Da=0.82m 
L=30m 
h=0.79m (height of release) 
The atmospheric boundary layer is defined by [2]: 
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with Uref =5.67m/s, href=2m, z0=0.003m, ț=0.42, u*=0.33; k and İ are taken according to eqn. (2) and (3). The 
temperature of the ambient air is 300K (the experimental value is slightly higher, 303.8K).  
The computational domain is 900m long, 200m wide and 100m high. The standard grid contains approximately 
150.000 nodes and is generated as a tetrahedral mesh with a prism layer on the surface including 20 prism layers; 
only half the domain is modeled by applying a symmetry boundary condition. All computations were performed 
with Fluent 14 applying the multi-species model and standard k-İ turbulence closure.  
During the present study, the mesh resolution at the release area and the overall resolution is investigated. In 
Fig. 3, the experimental values [2] for molar fraction and temperature are compared with the numerical data for the 
standard and the fine mesh (1.2 million nodes); a third numerical solution is performed on the standard mesh with 
a reduced source length of 15m (instead of L=30m with the original case). As can be seen clearly neither mesh 
resolution nor a difference in generic source length has a significant impact on the dispersion pattern. For the 
reduced source length, the temperature increase from release temperature takes place about 100m ahead of the 
other solutions. 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 3: Grid resolution study (a) NH3 molar concentration and (b) temperature in x-direction at z=1m and y=0 m for Desert Tortoise DT-2 
 
In Fig. 4 to Fig. 6, the effects of the release temperature (T1) to simulate the evaporation process, the spatial 
discretisation of the source and the wall temperature boundary condition are given and compared with 
experimental results. Overall, the release temperature difference has a minor effect the overall heat transfer 
process. The reference solution with T1=239 K and the solution with a decreased T1 of 230K (and adjusted Cp(T)) 
show only minor differences. Since the minimum temperature is lower, the surrounding air is also locally cooled 
down further such that the mixing is slightly reduced and it takes slightly longer to reach ambient temperature. The 
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spatial discretization in the release area was checked be coarsening the grid there by approximately a factor of 2. 
Also this solution shows only minor differences from the reference solution. Therefore it can be summarized that 
the present calculations are neither grid-sensitive nor sensitive to the chosen release temperature. 
The numerical solutions can be considered conservative with respect to the experimental data, meaning that the 
molar fractions are slightly over predicted and the temperatures slightly under predicted. A statistical analysis was 
performed resulting in a mean of MG=0.74 and a variance of VG=1.56 which can be considered as good 
agreement for comparison with field tests. With wind tunnel experiments, the agreement can be much better since 
the release and wind conditions are much more controlled [1]. Nevertheless, the distributions are well predicted in 
all directions (in downwind direction, Fig. 4; in lateral direction, Fig. 5 and in vertical direction, Fig. 6). Within the 
first 200 m, the flow is mainly driven by the high speed gas release mass flow. Here, the temperatures stay quite 
low close to the release temperature and the thickness of the cold region is slightly over predicted compared with 
the experimental data (Fig. 4). Further downwind, the atmospheric boundary layer is driving the dispersion 
process. As a variation, the two extremes of adiabatic wall boundary condition (reference solution) and constant 
surface temperature (300 K) was investigated. As can be seen clearly, the molar fractions are reduced and the 
temperature increases more rapidly since there is an additional heat transfer (Fig. 4).  
At x=800 m, the lateral dispersion (Fig. 5) of the heavy gas cloud is better predicted by the adiabatic wall 
boundary condition. Since the heat to evaporate the representative droplet mass flow originates from the 
surrounding air, the temperatures are lower and the heavy gas effect is enhanced which results in a larger lateral 
spreading for the adiabatic wall boundary condition (Fig. 5a). The same effect can be seen in the vertical 
distributions at x=800 m (Fig. 6). The adiabatic wall boundary condition leads to a colder and less mixed flow 
condition with a larger vertical gradient. The molar fractions from the experiment show a s-shape which is 
reproduced well with this boundary conditions. Once again, the temperature experimental values are closer to the 
numerical solution at constant temperature wall boundary condition. Overall, the adiabatic wall boundary condition 
gives the most conservative result, whereas the constant wall temperature gives globally a better agreement with 
the temperature distributions at reduced heavy gas effect since the heat transfer is globally overestimated. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 4: Variation of ground temperature, release temperature of representative phase and source length: (a) NH3 molar concentration and (b) 
temperature in x-direction at z=1 m and y=0m for Desert Tortoise DT-2 
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Fig. 5: (a) NH3 molar concentration and (b) temperature in y-direction at x=800 m and z=1 m for Desert Tortoise DT-2 
 
 
 
 
 
 
 
 
 
Fig. 6: (a) NH3 molar concentration and (b) temperature in z-direction at x=800 m and y=0m for Desert Tortoise DT-2 
 
4. Worst Case Releases including Terrain Effects 
Finally, low momentum 1-phase release scenarios (instantaneous and semi-continuous) are investigated 
including terrain effects.  The pipeline rupture scenarios were performed in a representative terrain of 2.4 by 2.4km 
and a hilly, sloping surface (53m from the highest to the lowest point). The wind conditions were chosen between 
3m/s and 16m/s and the surface roughness is 0.0174m. The distance between the shut-in valves is 1km. The release 
mass flow was estimated at 8800kg/s over 34s corresponding to the volume of CO2 which is present between shut-
in valves; CO2 was released slightly above its boiling point (195K) in a semi-continuous or instantaneous way. All 
the calculations were performed with the open source OpenFoam software which was previously adapted and 
validated for heavy gas release applications [1]. The calculations are performed on hybrid meshes with 
approximately 700.000 grid points. The solver takes the mixing of multiple species and gravitational effects into 
account. The standard k-İ turbulence model closure was modified such that the buoyancy term is taken into 
account which is essential for heavy gas behaviour. 
The atmospheric conditions were chosen according to the German VDI rule 3783 [5], which relates the released 
volume of heavy gas with a corresponding wind velocity for maximum effect distances. These are much higher 
(12ms-16m/s) than the ones commonly used (3-5m/s). The calculations show that at wind velocities according to 
VDI 3783 indeed the largest effect distances occur; but only exactly on a line downwind of the release; the terrain 
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topology has only a minor influence (Fig. 7) which is a quite interesting result. It was found that whether the 
release is instantaneous or (semi-) continuous does not play a significant role since the results are comparable with 
respect to their spatial and temporal behaviour. 
Nevertheless, the terrain plays a significant role at lower wind speeds (3m/s Fig. 8). Since all local depressions 
are filled with heavy gas and vented slowly, the maximum concentrations observed do not decrease automatically 
with larger distances from the release location. Local concentrations remain high for long times, increasing the 
dose by an order of magnitude. Since the heavy gas effects are strongly damping the turbulence in the boundary 
layer, the venting of the depressions is taking much longer. 
Calculations of larger distances between the pipeline shut-in valves (15km) result in an approximately 15times 
higher release time were performed at a wind velocity of 5m/s. As expected, both lateral and downwind effect 
distances but also time scales are significantly higher (Fig. 9). With this case, the lateral dispersion of the heavy 
gas almost reaches the domain boundaries. At local depressions, the molar fractions of CO2 remain high (40-75%) 
for times of longer than 1000s.  
From these results it can be concluded that an accurate modelling of the terrain (and if present also buildings 
[6]) is essential for an accurate prediction of heavy gas dispersion during pipeline rupture scenarios. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 7: CO2 concentration for wind velocity 12m/s (a) 34s, (b) 105s, (c) 175s (scenario according to VDI 3783). 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
Fig. 8: CO2 concentration for wind velocity 3m/s (a) 34s, (b) 556s, (c) 1200s. 
 
 
main wind direction 
main wind direction 
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Fig. 9: CO2 concentration for shut-in valve distance 15km at (a) 450s, (b) 675s, (c) 1400s (wind velocity 5m/s) 
5. Conclusions 
The present study shows that the modelling of the release source term has a strong influence on the dispersion 
behaviour. If the near field dispersion is of interest as in the built environment, the release has to be modelled with 
high accuracy. If the global dispersion process, in this case the heavy gas dispersion behaviour is of interest, also 
representative source terms can be applied. A representative 2-phase release model is developed and shows good 
agreement with experimental data for an ammonia 2-phase release.  
As can be shown with the present results, the terrain topology can be dominant for heavy gas dispersion 
scenarios of pipeline ruptures which can be modelled by CFD. Therefore, especially the local flow phenomena in 
the vicinity of depressions have to be resolved. Simple models fail to predict this kind of effects; the effect 
distances are very large (up to 1.5 km also in lateral direction for the selected case) and the time scales increase 
significantly. 
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